Patients with inoperable or unresectable pancreatic neuroendocrine tumors (NETs) have limited treatment options. These rare human tumors often express somatostatin receptors (SSTRs) and thus are clinically responsive to certain relatively stable somatostatin analogs, such as octreotide. Unfortunately, however, this tumor response is generally short-lived. Here we designed a hybrid adeno-associated virus and phage (AAVP) vector displaying biologically active octreotide on the viral surface for ligand-directed delivery, cell internalization, and transduction of an apoptosis-promoting tumor necrosis factor (TNF) transgene specifically to NETs. These functional attributes of AAVP-TNF particles displaying the octreotide peptide motif (termed Oct-AAVP-TNF) were confirmed in vitro, in SSTR type 2-expressing NET cells, and in vivo using cohorts of pancreatic NET-bearing Men1 tumor-suppressor gene KO mice, a transgenic model of functioning (i.e., insulin-secreting) tumors that genetically and clinically recapitulates the human disease. Finally, preclinical imaging and therapeutic experiments with pancreatic NET-bearing mice demonstrated that Oct-AAVP-TNF lowered tumor metabolism and insulin secretion, reduced tumor size, and improved mouse survival. Taken together, these proof-of-concept results establish Oct-AAVP-TNF as a strong therapeutic candidate for patients with NETs of the pancreas. More broadly, the demonstration that a known, short, biologically active motif can direct tumor targeting and receptormediated internalization of AAVP particles may streamline the potential utility of myriad other short peptide motifs and provide a blueprint for therapeutic applications in a variety of cancers and perhaps many nonmalignant diseases as well.
AAVP | neuroendocrine tumor | pancreas | phage display | preclinical study A long-standing goal of targeted anticancer therapy is to deliver the drug solely to the tumor and eliminate toxicity to nonmalignant tissues. To this end, bacteriophage (phage)-based vectors are attractive, because ligand peptide motifs can be displayed on the pIII coat protein to allow viral binding to and internalization into target cells in vitro and in vivo (1) , and the phage can be genetically modified to deliver gene products that kill tumor cells (2) (3) (4) (5) (6) (7) . In previous work, we combined phage and adeno-associated virus (AAV) to form a hybrid AAV/phage (termed AAVP) vector that enables superior ligand-directed delivery and cellular transduction of transgenes as a targeted platform (2) . Indeed, combining the functional attributes of prokaryotic phage (i.e., robust nontoxic particles multipliable at low cost) with those of eukaryotic AAV (i.e., strong mammalian cell transduction) allows incorporation of the beneficial aspects of each into the new particle. The targeting capacities and engineered tropism for cells specifically expressing a receptor of interest permits gene expression with limited amounts of circulating AAVP after systemic administration, increasing efficacy with minimal toxicity.
The ligand-directed AAVP-based system has enabled a theranostic approach wherein a single transgene functions as a noninvasive molecular imaging reporter and therapeutic gene in preclinical models of prostate and breast cancer (2), soft-tissue sarcomas (3), and glioblastomas (4). These previous chimeric AAVP vectors were each targeted on the specific tumor type by ligand motifs identified by phage display from combinatorial peptide libraries. To date, however, no studies have shown that short peptides with known biological activity would function as a ligand displayed in viral systems used for genetic delivery, including phage, AAV, or AAVP. The use of known, biologically active peptides eliminates the need to a priori screen, identify, and validate ligand-receptor pairs with substantial time and cost savings,
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Brazeau's landmark discovery of somatostatin two decades ago (8), along with a large body of ensuing investigations (9, 10) , have identified the avidity of malignant tumors overexpressing receptors for somatostatin or its analogs (SSTRs). Generally, tumors arising from neuroendocrine tissues often express at least one SSTR family member at the cell membrane level, most often SSTR type 2 (SSTR2), and thereby provide a specific path for liganddirected targeting and molecular imaging (11) . Unfortunately, the half-life of native somatostatin in the circulation is only ∼2-3 min (12), which essentially eliminates its medical utility and has prompted the development of synthetic analogs (13) . One such synthetic cyclic somatostatin analog, termed octreotide (single-letter residue sequence, FCFWKTCT), mimics native somatostatin but with a much longer half-life (∼90 min), specific SSTR2 affinity, and potent inhibition of growth hormone and glucagon activity and insulin release (14, 15) .
Human pancreatic NETs are relatively rare. The sole potentially curative intervention is surgical resection, but patients are often ineligible (i.e., with unresectable, metastatic, or inoperable tumors), leaving limited therapeutic options (16) . However, given that these tumors frequently overexpress SSTR2, they often clinically respond to synthetic somatostatin analogs such as octreotide and lanreotide (16) (17) (18) (19) . Indeed, diagnostic imaging studies of SSTR targets are standard for so-called "octreotide-avid" tumors (20) , and peptidebased receptor radionuclide therapy also has been used to clinical effect (21) . Thus, we reasoned that octreotide-targeted cellular transduction would enable the expression of tumor necrosis factor (TNF) within the SSTR2-expressing tumor cells after systemic administration through the vulnerable tumor-associated blood vessels of pancreatic NETs without off-target vascular or parenchymal toxicity to normal organs.
TNF is an inflammatory cytokine with variable physiological and pathological functions, including antivascular and antitumor effects. Unfortunately, TNF has limited application clinically because of predictable but severe systemic toxicity, which calls for localized administration or targeted delivery (5, 6). Here we introduce an AAVP particle displaying the octreotide peptide motif to enable ligand-directed genetic TNF delivery (termed Oct-AAVP-TNF) in the preclinical context of pancreatic NETs. Our central hypothesis, evaluated in vitro, in cellulo, and in vivo, is that the motif display of a clinically active peptide, such as octreotide, in the setting of AAVP particles can functionally emulate the specific binding attributes of the native biological ligand-receptor system.
Results and Discussion Viral Particles Displaying Octreotide Specifically Bind SSTR2. Phage and AAVP displaying the octreotide peptide motif (Fig. S1 ) or the corresponding untargeted control constructs were designed to (i) evaluate the feasibility of ligand-directing viral particles via motif display of a biologically active peptide and (ii) determine its specific affinity for each SSTR family member. Specific receptor targeting was evaluated using a ligand binding assay against recombinant SSTR proteins tagged with GST and immobilized on a microtiter plate. Octreotide phage particles bound specifically to SSTR2, with no detectable binding above background levels for SSTR1, SSTR3, or SSTR5 (Fig. 1A) . Untargeted control phage particles did not bind to any SSTR or control proteins.
To confirm binding specificity, we performed competitive assays of octreotide phage binding to SSTR2 after the addition of increasing concentrations of synthetic octreotide peptide. Competitive binding was inhibited in a concentration-dependent manner (Fig.  1B) , a result indicative of ligand-receptor specificity. These experiments confirmed recapitulation of the specific SSTR2 binding activity of octreotide within the context of a phage particle.
We next generated Oct-AAVP-TNF, an AAVP construct displaying the octreotide peptide motif, to mediate targeted delivery and cellular transduction of the TNF, and reanalyzed AAVP binding specificity in vitro. Strong and specific binding was again observed for SSTR2 alone, whereas SSTR1, SSTR3, SSTR5, and control proteins (GST and BSA) exhibited minimal detectable binding over assay background (Fig. 1C) . These results show the correct incorporation, display, and functionality of the ligand octreotide in the context of Oct-AAVP-TNF, at least in vitro.
Oct-AAVP-TNF Facilitates Cellular Transduction and Transgene Expression
in NET Cells. We next analyzed Oct-AAVP-TNF targeting and activity using SSTR2-expressing NET cells. We first confirmed SSTR2 expression on the tumor cell surface using FACS with an anti-human SSTR2 antibody. These results were consistent with published reports (22) . Incubating the cell suspension under icecold experimental conditions limited receptor internalization and allowed evaluation of SSTR2 expression on the cell surface, a biochemical requirement for ligand binding. Compared with the isogenic control antibody, NET cells exhibited markedly increased FITC expression, corresponding to an increase in anti-SSTR2 antibody binding ( Fig. 2A) .
AAVP functionality requires an initial ligand-receptor binding step, followed by cell internalization, and finally genomic integration and expression of the transgene (2, 23) . Therefore, we evaluated each of these steps in human NET-derived cells. We began by quantifying Oct-AAVP-TNF binding to SSTR2 displayed on the surface of NET cells using biopanning and rapid analysis of selective interactive ligands (BRASIL) methodology (24, 25) . A fivefold increase in binding of Oct-AAVP-TNF to the NET cells was observed compared with the untargeted control AAVP-TNF. This increase was completely abrogated by previous incubation with the competing soluble ligand peptide, synthetic somatostatin (SST-14) (Fig. 2B) , demonstrating biochemical specificity for the ligand-receptor interaction.
We next evaluated peptide-mediated transmembrane internalization of Oct-AAVP-TNF particles in NET cells. Oct-AAVP-TNF, but not untargeted control AAVP-TNF, internalized into the NET cells at both 2 h and 24 h (Fig. 2C) . A lack of immunofluorescence in the nonpermeabilized cells confirmed that rigorous washing, including multiple acid washes with a glycine buffer, was sufficient to eliminate bound AAVP from the cell surface, and also confirmed that the fluorescence seen within permeabilized NET cells was due to internalized Oct-AAVP-TNF particles alone. Fluorescence was observed in the cytoplasm of the majority of cells after administration of Oct-AAVP-TNF, with time-dependent accumulation in the experimental range studied (up to 24 h).
After confirming receptor binding and internalization, we used the NET cells to evaluate Oct-AAVP-TNF transduction via the cisgenomic elements of AAV (i.e., the inverted terminal repeats that mediate genetic integration and/or head-to-tail concatemerization) (2, 23). Because TNF is a secreted protein product, incubating the A B C (Fig. 2D) . No cytotoxic effects were evident during the study, and the tumor cells remained confluent at the end of the 10-d period, confirming the results of previous studies claiming that either a supplemental or a synergistic agent must be added to the tumor cells to produce a detectable cytotoxic effect in vitro (26) . It should be noted, however, that this effect is not necessarily required in vivo, in which the cytotoxic activity of TNF in activated endothelial cells of the tumor vasculature has long been recognized (27) .
Oct-AAVP-TNF Particles Target Pancreatic Neuroendocrine Tumors in
Vivo. After confirming specific ligand-receptor binding and targeted gene expression in vitro, we evaluated Oct-AAVP-TNF activity in vivo. Because patients diagnosed with both hereditary and sporadic pancreatic NETs often bear an MEN1 gene mutation (28), we used a preclinical mouse model of human multiple endocrine neoplasia syndrome type 1 (MEN1). This syndrome, associated with pancreatic NETs, is characterized by insulinsecreting tumors, or insulinomas, in the islets of the endocrine pancreas (29) . The tumor microenvironment of the Men1 transgenic mouse (generated by pancreas-specific elimination of the Men1 tumor suppressor gene) provides an opportunity to evaluate the activity of the Oct-AAVP-TNF construct in a system that closely mimics the vulnerable and fenestrated tumor A B C neovascular endothelium found pathologically in patients with MEN1 (29) . Specifically, NETs of the pancreatic islets in Men1 transgenic mice are highly vascularized, correlating with both insulinoma development and tumor progression, and tumor blood vessels show structural abnormalities that include dilation and intense tortuosity (29) . Tumors in the Men1 KO animals also express SSTR2, for targeting with octreotide (30) . Given that both tumor vascularization and receptor expression are critical for AAVP activity, these data confirm the suitability of the Men1 KO mouse model for evaluating targeted transgene delivery with Oct-AAVP-TNF particles in vivo after systemic administration. Compared with otherwise isogenic control mice, the Men1 transgenic mice had significantly increased serum insulin levels, indicating the presence of insulin-secreting (or "functioning") tumors (Fig. 3A) . After the confirmation of tumor status, either octreotide or control AAVP particles were administered i.v. and allowed to circulate for 4 d, after which the target tissues were recovered and analyzed initially for AAVP homing in vivo. Oct-AAVP-TNF was found to localize specifically in the insulinomas of the Men1 KO mice, but was not found in the islets of control animals (Fig. 3B) . Evaluation of normal organs and tissues recovered from the Men1 KO mice revealed anti-phage fluorescence within the spleen, liver, and kidney (Fig. 3C) . AAVP particles are commonly identified in organs of the mononuclear phagocyte system, or reticuloendothelial system (RES), including the spleen, liver, and kidneys, and represents the long-recognized transient, nonspecific retention of particle processing, degradation, and excretion in vivo (6, 31, 32) .
TNF Expression Originates Solely from Pancreatic NETs. To evaluate the transduction capacity of Oct-AAVP-TNF, we quantified transgene expression in the recovered tissue at both protein and RNA levels. ELISA analysis of human TNF protein expression in the pancreas (including any tumors) and control organs identified TNF in the pancreas only in the Men1 transgenic mice and not in the control mice, with no TNF detected in the control organs (including the RES organs) from either experimental group (Fig. 4A) . These findings further support the likelihood that the AAVP particles in those organs detected by immunofluorescence (Fig. 3C ) represent particle processing rather than nonspecific targeting.
Laser capture microdissection (LCM) enabled the evaluation of NET and exocrine tissue separately to determine the origin of the pancreatic TNF expression (33) (Fig. 4B) . Using real-time quantitative RT-PCR, we first measured human TNF RNA levels and confirmed the ELISA results, with TNF expression evident in appreciable amounts only in the pancreas, and not in control organs, of the Men1 mice following Oct-AAVP-TNF administration. TNF levels in Men1 mice treated with untargeted control AAVP-TNF did not exceed the barely detectable background levels. Strikingly, separate measurement of normal pancreatic exocrine tissue and endocrine pancreatic tumors by LCM revealed that the pancreatic TNF expression originated solely from the insulin-secreting tumors (Fig. 4C) . In contrast, LCM of the parathyroid gland from the thyroid confirmed the lack of transduction of nontumoral endocrine glands and thus the targeting specificity of Oct-AAVP-TNF.
Preclinical in Vivo Studies Demonstrate Antitumor Activity of Oct-AAVP-TNF. Given that Oct-AAVP-TNF localized to insulinomas in the Men1 transgenic mice and TNF was subsequently expressed in the tumors, we concluded that the Oct-AAVP-TNF is suitable for targeted gene delivery to pancreatic NETs, and thus initiated intermediate-and long-term therapeutic studies in a preclinical setting. An intermediate duration (28-d ) study served to evaluate the tumor response to a single i.v. administration of Oct-AAVP-TNF or untargeted control AAVP-TNF in the Men1 mouse model. Tumors were imaged before treatment (baseline) and again at 28 d after AAVP treatment to evaluate the therapeutic effect of a single dose on the NETs in these animals. Magnetic resonance imaging (MRI) revealed a clear decrease in tumor size in the Oct-AAVP-TNF treatment group at 28 d after the single dose (Fig. 5A ). All five tumors in the Oct-AAVP-TNF treatment cohort decreased significantly in size (by 73 ± 21%; P < 0.01), whereas all three tumors in the untargeted control cohort more than doubled in size, by as much as 116 ± 29% (P < 0.05) (Fig. 5B) .
It is possible to differentiate malignant pancreatic tumors from benign tumors by estimating total choline (tCho) levels via magnetic resonance spectroscopy (MRS) (34) . Therefore, we analyzed the effect on tCho levels before and after treatment with Oct-AAVP-TNF. At 4 wk after treatment, the in vivo 1 H-MRS-estimated tCho levels decreased from an average level of A B C 21 ± 22 to 9 ± 12 (all ×10 4 ). All mice showed decreases in tCho levels after a single treatment with Oct-AAVP-TNF particles, whereas mice in the control group showed increases in tCho levels after 28 d (Fig. 5C ). These results are particularly encouraging, considering that we previously correlated tCho levels with surrogate development of NETs, identification of malignant lesions, and response to therapy, with the tCho levels reflecting the wellrecognized high levels of tumor metabolism (34) .
Finally, in a long-term therapy study, cohorts of mice injected weekly over 2 mo with Oct-AAVP-TNF particles showed a strong and sustained decrease in serum insulin over the experimental timeframe compared with animals injected with untargeted control AAVP (Fig. 5D) . Of note, because many of the challenges for patients with pancreatic NETs (particularly those with functioning tumors) arise from hormonal hypersecretion and tumor-associated metabolic burden (35) , meaningful results that show an unequivocal reduction in both metabolic activity and/or secreted insulin after treatment are clinically relevant. This experimental design mimics the experimental preclinical dosing schedule reported by our group in large animals (dogs) with native malignant tumors (5), and confirms the efficacy of repetitive AAVP administration serially over time, likely owing to additional cellular transduction after each administration and a bystander effect observed with AAVP activity related to the exposure of neighboring cells to cytotoxic TNF generated by transduced cells (36) .
Transduction efficiency is difficult to quantify in vivo, particularly without an imaging component in the vector system (7). Evaluating agents to increase transduction efficiency (37) or direct TNF-mediated signaling cascades toward induction of apoptosis (7) could be useful for maximizing the efficacy of AAVP-based therapy and overcoming these limitations related to viral gene delivery. Importantly, mice treated with Oct-AAVP-TNF also showed a significant increase in overall survival compared with mice treated with untargeted control AAVP (Fig. 5E ). Taken together, these preclinical results provide justification for further studies to optimize dose and determine the most efficacious dosing schedule and strongly support Oct-AAVP-TNF as a promising antitumor candidate for clinical translation in humans with pancreatic NETs.
Conclusion
We have demonstrated that a biologically active peptide can be successfully used as a displayed ligand in either phage or AAVP particles. We chose the octreotide peptide motif as a soluble cyclic octapeptide synthesized with natural residues (to enable incorporation of the encoding single-stranded DNA into viral particles), favorable pharmacologic attributes, and a very well established profile and track record for targeted drug delivery to NETs of the pancreas. The framework used here is suitable for a myriad of other known, short, biologically active peptide motifs that could enable in vivo tumor homing and/or receptor binding internalization of targeted AAVP particles to obviate or even eliminate several of the logistic requirements for combinatorial selection and validation from phage libraries in vivo.
This tumor cell-specific ligand-receptor approach could address currently unmet needs (38) (39) (40) in patients with unresectable, inoperable, or metastatic pancreatic NETs. Indeed, we have shown that Oct-AAVP-TNF reduced tumor size, metabolic activity, and hormone secretion, and also increased survival in the Men1 transgenic mouse model, which faithfully recapitulates human disease with respect to both progression and response to therapy (29, 30) . These results mimic the goals for patients with pancreatic NETs, warranting further translational investigation with Oct-AAVP-TNF. This targeted gene delivery technology could proceed rapidly for NET patients with octreotide-avid pancreatic tumors identified with imaging studies using somatostatin receptor scintigraphy (SRS) for delivery of therapeutic agents (41) . Given that in cancer medicine, physicians often use somatostatin analogs to treat pancreatic NETs following imaging studies with radiolabeled octreotide to localize tumors (42) , it can be postulated that tumor homing and localization of the octreotide-targeted AAVP particles-produced under good manufacturing practice conditions-to the same cells and tumor sites revealed after routine SRS imaging in patients presumably would be feasible. Finally, the experimental framework used here is suitable for any biologically active motifs that could enable in vivo tumor homing and/or receptor binding internalization of targeted AAVP particles to obviate or even eliminate several of the logistic requirements for combinatorial ligand selection and validation from peptide libraries in vivo.
Materials and Methods
Design, Generation, and Production of Viral Particles. Viral constructs (filamentous phage and AAVP) displaying the octreotide peptide motif were generated according to standard protocols for viral particle production modified for incorporation of DNA sequences encoding display peptides (24, 43) (Fig. S1) . Oct-AAVP-TNF constructs were designed and generated from established experimental protocols (23, 24) . For production of the original viral stock particles and subsequent preparations, an individual host bacterial colony containing the correct insert sequence was amplified as described previously (23) . Octreotide constructs were titrated in parallel with the corresponding negative control constructs by bacterial infection with K91Kan Escherichia coli to determine the number of transducing units (TU) as described previously (24) .
Animal Care. Cohorts of male and female 12-mo-old (25-30 g) Pdx1-Cre; Men1f/f transgenic mice (FVB.129 background) and control mice were used in the animal experiments (29) . All mice were maintained in accordance with appropriate institutional standards, and all experiments were conducted in compliance with the guidelines of the Institutional Animal Care and Use Committee of the Albert Einstein College of Medicine.
Statistical Analysis. Statistical analyses were performed with Microsoft Excel or GraphPad Prism version 6.0e. Error bars indicate the SD of the mean. Significance was determined between indicated groups using the Student t test. A P value <0.05 was considered statistically significant. *P < 0.05; **P < 0.01; ***P < 0.001.
Additional methods are detailed in SI Materials and Methods. Receptor binding and competitive inhibition assays were performed as described previously (25, 44) . Cell culture and functional assays in NET cells were completed. Flow cytometry was used to demonstrate SSTR2 expression. AAVP activity in NET cells was evaluated using cell binding (24, 25) , internalization (45) , and transgene expression (6, 23) assays. Men1 transgenic mice (29) were studied for AAVP homing, human TNF expression (5-7), antitumor activity (34) , and survival after treatment.
